Control of silicon nanoparticle size embedded in silicon oxynitride dielectric matrix J. Appl. Phys. 114, 033528 (2013) The ion beam synthesis of Pb nanoparticles ͑NPs͒ in silica is studied in terms of a two step thermal annealing process consisting of a low temperature long time aging treatment followed by a high temperature short time one. The samples are investigated by Rutherford backscattering spectrometry and transmission electron microscopy. The results obtained show that highly stable Pb trapping structures are formed during the aging treatment. These structures only dissociate at high temperatures, inhibiting the nucleation of NPs in the metallic phase and causing an atomic redistribution that renders the exclusive formation of a two dimensional, uniform and dense array of Pb NPs at the silica-silicon interface. The results are discussed on the basis of classic thermodynamic concepts.
Aging effects on the nucleation of Pb nanoparticles in silica
The ion beam synthesis of Pb nanoparticles ͑NPs͒ in silica is studied in terms of a two step thermal annealing process consisting of a low temperature long time aging treatment followed by a high temperature short time one. The samples are investigated by Rutherford backscattering spectrometry and transmission electron microscopy. The results obtained show that highly stable Pb trapping structures are formed during the aging treatment. These structures only dissociate at high temperatures, inhibiting the nucleation of NPs in the metallic phase and causing an atomic redistribution that renders the exclusive formation of a two dimensional, uniform and dense array of Pb NPs at the silica-silicon interface. The results are discussed on the basis of classic thermodynamic concepts. © 2011 American Institute of Physics. ͓doi:10.1063/1.3530844͔
I. INTRODUCTION
The formation of dispersed second phase nanoparticle ͑NP͒ systems in silica films via ion beam synthesis have been extensively studied in connection with technical applications exploring luminescent [1] [2] [3] or electrostatic 4-6 ͑Cou-lomb blockade͒ properties for the development of silicon based devices. The primary concept behind the ion beam synthesis method relies on the formation of a supersaturated solid solution produced by the implantation process, followed by the nucleation and growth of the new phase upon post-implantation thermal treatments. The obtained system comprises a dispersion of NPs within the film according to the depth distribution of the originally ion implanted profile. Their growth follows a nonhomogeneous coarsening process which produces both size and depth dispersed NP systems. [7] [8] [9] [10] We have previously demonstrated that the classical nucleation route observed for most metal atoms implanted into silica films can be avoided in the case of Sn. 11 It was argued that, during a low temperature long-term thermal treatment ͑aging͒, there is formation of small atomic clusters with high thermal stability. In the present work we show that the same phenomenon observed for Sn also happens in the case of Pb. This represents a more general behavior and shows that Sn or Pb in silica are interesting model case elements for the study of embedded NP melting point depression or elevation. [12] [13] [14] The results are discussed based on particular atomic bonds and interface properties, thus tackling on a new thermal stability behavior of atomic clusters in silica.
II. EXPERIMENT

Pb
+ ions were implanted with an energy of 300 keV in order to locate them around the center of a 200 nm thick silica layer thermally grown via dry oxidation of a ͑001͒ Si substrate. The implantations were performed at room temperature to a fluence of =5ϫ 10 15 cm −2 . After implantation, the samples were submitted to distinct thermal treatments: ͑i͒ high vacuum furnace annealing ͑FA͒ at T = 1370 K during 1 h and ͑ii͒ aging treatment in air at T = 473 K for 100 h followed by the FA treatment described above. In order to test the Pb NPs stability in silica, an additional sample was implanted to a larger fluence ͑ =1 ϫ 10 16 cm −2 ͒ and was FA treated for a longer period ͑6 h͒. The thermal evolution of the ion implanted profiles was characterized by Rutherford backscattering spectrometry ͑RBS͒ measurements using a 1.2 MeV He + beam from a 3 MV HVEE Tandetron accelerator. The microstructure of asimplanted, aged and FA samples was characterized by transmission electron microscopy ͑TEM͒ using cross-section and plan-view species prepared by ion milling. The TEM observations were carried out in a JEM 2010 microscope operated at 200 kV. Figure 1͑a͒ shows the Pb atoms concentration-depth profiles from the as-implanted and directly FA ͑1 h͒ treated samples. The RBS results appear superposed to a crosssection TEM micrograph from the FA ͑1 h͒ sample. It is clear that the FA treatment causes the Pb redistribution and the nucleation and growth of NPs. About 10% of Pb atoms become trapped at the silica-silicon interface, forming small NPs. Although these particles at the interface are not spherical, their size distribution can be characterized by a mean diameter d m of Ϸ5.3 nm and standard deviation of Ϸ0.6 nm. A larger fraction of the Pb atoms ͑Ϸ70%͒ is contained within the NP system ͑d m Ϸ 10 nm and Ϸ 3.5 nm͒ and dispersed along the film, while a fraction of Ϸ20% is lost by evaporation. Figure 1͑b͒ shows that, for a longer FA treatment ͑6 h͒, the release of Pb atoms from the spherical NPs within the silica film results in the formation of cavities presenting a conspicuous oblate shape, as well as the increase in the relative Pb content at the interface resulting in a total fraction of Ϸ20% of the implanted content. From tilted images presenting the projection of the silica-silicon interface, we were able to determine an upper limit of the sample thickness within a given observation area, allowing the evaluation of the NP concentration. Using their size distribution and assuming that the particles contain only Pb atoms arranged in a densely packed structure similar to the fcc bulk metallic phase, we estimate that the Pb content in these TEM visible NPs has an upper limit of Ϸ25% of the implanted amount. However, TEM contrast analysis presents a less intense mass or diffraction contrast, suggesting that the particles are not of the metallic fcc Pb phase and have a poor crystallinity. Therefore, we may consider that such TEM observable particles correspond to a Pb oxide structure, so that the remaining Pb content within TEM invisible clusters can be even larger than 75%. Upon subsequent FA ͑1 h͒ treatment ͓Fig. 2͑b͔͒, the RBS measured profile of aged samples shows that most of the Pb content redistributes, either toward the surface or the interface sinks. In addition, the small NPs observed in the as-aged samples ͓Fig. 2͑a͔͒ disappear resulting in no TEM observable cavities. This microstructure evolution results in the recovery of the oxide film to an apparent pristine aspect and in the formation of a dense NP array at the silica-silicon interface containing a fraction of Ϸ38% of the implanted fluence. More detailed TEM observations reveal that the silica film presents very few but large Pb NPs ͓not shown within the observation field of Fig. 2͑b͔͒ , consistent with the small fraction of atoms remaining inside the silica as detected by RBS. Figure 2͑c͒ presents an enlarged crosssection view of the NPs at the interface. They can be characterized by a spherical dome in the silica side and a pyramidal frustum in the silicon matrix. Figure 3 shows a plan-view micrograph from the interface region of an aged and FA ͑1 h͒ treated sample ͓Fig. 3͑a͔͒, the corresponding selected area diffraction pattern ͑inset͒ and the calculated pair correlation function of the planar NP arrangement ͓Fig. 3͑b͔͒. The plan-view observations demonstrate that the NP frustums within the Si side present a square base, the NPs lattice corresponds well to the metallic phase Pb fcc structure, and that the particles are epitaxially oriented with respect to the Si lattice. Their number density is Ϸ3. 7   FIG. 1 . ͑a͒ RBS measurement presenting the concentration-depth profile of the Pb atoms in as-implanted and FA ͑1 h͒ samples. Its background contains a cross-section TEM micrograph from the FA ͑1 h͒ sample slightly tilted from the ͓011͔ zone axis to avoid strong diffraction contrast. ͑b͒ Crosssection TEM micrograph from a FA ͑6 h͒ treated sample. Notice the formation of voids in the silica film and the NP array at the silica-silicon interface ͑underfocus͒.
III. RESULTS
FIG. 2.
͑a͒ RBS measurement presenting the concentration-depth profile of the Pb atoms in as-implanted and as-aged samples. Its background contains a cross-section TEM micrograph from the as-aged sample ͑underfocus͒. ͑b͒ RBS measurement from an aged and subsequently FA ͑1 h͒. Its background contains a cross-section TEM micrograph taken at 8°tilted direction from the ͓011͔ zone axis, providing a perspective view of the NP arrangement at the silica-silicon interface. ͑c͒ High resolution cross-section image of the NPs at the silica-silicon interface. Their shape is characterized by a spherical dome in the silica side and a pyramidal frustum in the silicon matrix. ϫ 10 11 cm −2 . The size distribution obtained from plan-view micrographs is characterized by a narrow size dispersion with a mean lateral size L m of Ϸ8.2 nm and a standard deviation L of Ϸ1.17 nm. The calculated pair correlation function 15 shows a well dense near neighbor distance D m of Ϸ15 nm with a dispersion D of Ϸ3 nm, thus indicating a certain degree of near neighbor order as indicated by the shoulder of the first peak. Finally, it seems remarkable that, either for aged or non aged samples, FA treatments cause the dissolution of the observed particles or clusters within the silica film ͓see, Figs. 1͑b͒ and 2͑b͔͒, but the NPs at the silica-silicon interface remain stable. Figure 2 summarizes the results obtained after the aging treatment. They contrast significantly with the typical ion beam synthesis behavior observed for the non aged samples ͑see Fig. 1͒ , usually described by classical thermodynamic concepts discussed elsewhere. [7] [8] [9] [10] Upon aging, two sets of structures are formed. The first set consists of TEM observable particles ͓Fig. 2͑a͔͒, corresponding to a fraction of less than 25% of the implanted content that can be regarded as a Pb-oxide phase. These particles do not coarsen, but only dissociate during the FA treatment. Since the FA treatment is done under high vacuum conditions, it is highly probable that their coarsening does not proceed due to the lack of oxygen supply. The second set is associated with structures trapping the majority of the Pb content ͑fraction larger than 75% of the implanted fluence͒. The presence of Pb is detected by RBS but the corresponding trapping structures cannot be observed by TEM. Considering that silica embedded clusters containing heavy atoms and with diameters larger than Ϸ1.2 nm are clearly distinguished by TEM, we can state that the trapping structures are smaller. This renders an upper limit of Ϸ30 atoms per cluster if their density corresponds to the bulk metallic Pb phase. Only upon FA ͑1 h͒ treatment at 1373 K these structures dissociate, since RBS measurements show that the Pb atoms migrate toward the surface ͑evapo-rating͒ or toward the silica-silicon interface. From the present results we can state that the massive Pb redistribution process observed in the aged and subsequently FA ͑1 h͒ treated samples is not related to the formation of large particles inside the silica film, otherwise cavities would be observed since SiO 2 molecules cannot refill the void left by a large NP ͓see Fig. 1͑b͔͒ .
IV. DISCUSSIONS
In the following, we will phenomenologically discuss the thermal stability of Pb agglomerates in silica, assuming that classical thermodynamic concepts may be extended to small particles. For the discussions, since the FA treatments are performed at a temperature significantly higher than the melting temperature of the bulk Pb metallic phase, we will consider the liquid Pb phase as a fiducial state which prevails during the FA treatments of non aged samples. Hence, the coarsening evolution taking place for the non aged samples can be described by the Gibbs-Thomson ͑GT͒ relation
This equation represents the solute field of Pb atoms around a particle of radius r, where C o is the thermal equilibrium solubility, ␥ the interface energy, ⍀ the Pb atomic volume, k b the Boltzmann constant and T the temperature. According to the GT relation, particles with large r and/or small ␥ tend to become more stable since their local equilibrium condition is readily achieved by the dissociation of a small number of atoms. Hence, when liquid Pb particles are formed, the results obtained suggest that their interface energy ␥ is sufficiently high to cause the dissolution of the smaller particles that sustain the growth of the larger ones. As the coarsening proceeds, the decrease in their number density to a level where the mean distance between particles is of the order of their distance to the surface or to the interface sinks, the diffusional interactions with the sinks cause the loss of Pb content from the NP system, thus resulting on the formation of voids ͓Fig. 1͑b͔͒. Opposed to this situation, we assume that the aged samples cannot present liquid particles, otherwise they would be converted into the fiducial phase and reproduce the results of the non aged case. Hence, upon ag- ing, the Pb atoms can only be trapped within small structures ͑invisible by TEM͒ which remain solid and only dissociate at high temperatures, thus inhibiting the formation of liquid Pb particles since their nucleation probability decreases with the increase in temperature. There are two plausible possibilities to fulfill these conditions. First, the formation of oxide structures such as lead oxide 16 or lead tetroxide, 17 which present bulk melting temperatures of 1161 K and 773 K, respectively. Such particles may become stable even for small sizes according to the interface arguments discussed below. Second, the formation of Pb clusters such as the predicted by density functional theory calculations for free standing structures. 18, 19 These clusters are characterized by a small number of atoms ͑32 or less͒, and their high thermal stability is a result of the increase in their cohesive energy due to the formation of stiffer covalent bonds and the formation of specific topological arrangements that avoid dangling bonds. [18] [19] [20] Our results comprise silica embedded clusters which necessarily require the formation of atomic bonds with the surrounding matrix and, therefore, may not reproduce the same structures proposed for the free standing cases. However, the formation of similar covalent bonded clusters presenting fully coherent interfaces ͑i.e., without dangling bonds͒ with the silica matrix can result into a system with very low interface energy. On the basis of thermodynamic models, 13, 21 the melting temperature T m of NPs varies with respect to the corresponding bulk value T b as a function of their radius r as
In this equation ␥ l and ␥ s are the interface energies of the liquid and solid particles and k is a constant depending on the latent heat of melting and on the atomic density of the particles. In the present case, we may assume that ␥ s from the particles is smaller than ␥ l from the fiducial liquid state. Under such conditions, the decrease in T m usually observed for metallic NPs can be reversed, resulting in the increase in their thermal stability and, therefore, providing a consistent explanation for the present experimental data. Our results for Pb are also consistent with the previous ones for Sn.
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Hence, we may conclude that these experimental findings comprise a more general behavior, so far observed for elements as Sn and Pb that either form covalently bonded clusters or oxide phases with high melting temperatures. Additional experiments are still necessary to provide a clearer definition of the structures that traps the Pb atoms in order to prevent the formation of metallic NPs as observed in the non aged samples. Nevertheless, the consequence of this behavior is to allow the development of an atomic redistribution process that leads to the exclusive formation of bidimensional NP array at the silica-silicon interface.
V. CONCLUSIONS
In summary, we studied the formation of NPs in silica films implanted with Pb atoms. In contrast to usual ion beam synthesis behavior, the formation of large Pb NPs inside the silica film can be avoided when the implanted samples are submitted to an aging process followed by high temperature FA treatment. In this case, the Pb atoms redistribute, leaving the silica film with a rather pristine aspect, and form a dense bidimensional array of epitaxial NPs presenting small size dispersion and short range order. This behavior indicates that, during the aging process, the Pb atoms became trapped in the silica matrix within rather small and thermally stable structures that only dissociate at high temperatures. Their thermal stability seems to be a more general property of elements or compounds that can develop structures presenting rather low interface free energy with the surrounding silica matrix.
